Four highly polymorphic simple sequence repeat (SSR) loci were selected and used to differentiate 84 Japanese isolates of "Candidatus Liberibacter asiaticus." The Nei's measure of genetic diversity values for these four SSRs ranged from 0.60 to 0.86. The four SSR loci were also highly polymorphic in four isolates from Taiwan and 12 isolates from Indonesia.
Citrus greening (Huanglongbing) is one of the most devastating citrus diseases prevalent in many parts of the world. This disease is a major cause of yield and tree losses in Asia and Africa (8) . This disease was first noted in southern China at the end of the 19th century, and it was known as yellow shoot disease in this region (35) . By the 1920s, diseases similar to yellow shoot disease were recorded in Taiwan (likubin or drooping disease) (25) and India (citrus dieback) (4) . The disease was first recorded in Indonesia in the 1940s and was described as vein phloem degeneration (31) . The causal agents, which are phloem-limited and Gram-negative bacteria, belong to the genus "Candidatus Liberibacter." Thus far, three species of this organism have been identified: "Ca. Liberibacter africanus" is found mainly in African countries, "Ca. Liberibacter americanus" is found in Brazil (3), and "Ca. Liberibacter asiaticus" is widely found in Asian countries as well as in Sao Paulo (Brazil) and Florida (United States). The pathogens are transmitted mainly by the psyllids Trioza erytreae in Africa (2) and Diaphorina citri in Asia, Florida, and Sao Paulo (12) . Contaminated plant materials used for the propagation of nursery plants also transmit these pathogens.
In Japan, this disease was first found in 1988 on Iriomote Island, the southernmost island in the chain of the Ryukyu Islands that stretch near Taiwan in the subtropical East China Sea (21) (Fig. 1) . The disease apparently moved northward through the Ryukyu Islands, being recognized on Okinawa Main Island in 1994 (16) , Yoron Island in 2002 (13) , and Okinoerabu, Tokunoshima, and Kikai Islands in 2003 (28) (Fig. 1 ). Extensive field surveys by local governments revealed about 1,200 infected trees around these areas (22, 28) . The transmission vector D. citri was distributed throughout the Ryukyu Islands, and "Ca. Liberibacter asiaticus"-positive psyllids were found on most of these islands (24) . Kyusyu, which is the main citrus production area, is located at the north of these subtropical islands. Northbound dispersion of the disease poses a large threat to citrus cultivation in this region.
Methods for distinguishing bacterial isolates are important for epidemiological analysis and understanding the genetic structure of microbial populations. Simple sequence repeat (SSR) markers, also known as microsatellites, are tandem repetitive DNA sequences with repeat motif lengths of 2 to 6 bp or more (33) . The variability of the repeats is believed to be caused by slipped-strand mispairing (29) , the genetic instability of polynucleotide tracts, especially poly(G-T) (14) , and DNA recombination between homologous repeat sequences (33) . SSRs with a potential variable number of tandem repeats (VNTR) in bacterial DNA have been used as markers for differentiating and subtyping strains of several bacterial species, including Yersinia pestis (1), Haemophilus influenzae (15) , Mycobacterium tuberculosis (11, 18) , Mycobacterium africanum (34) , Salmonella enterica subsp. enterica serovar Typhimurium (20) , Bacillus anthracis (17) , and Xylella fastidiosa (7, 19) . Strains of X. fastidiosa cause serious diseases, such as Pierce's disease of grapevine and variegated chlorosis of citrus (5) . The multilocus SSR primers, distributed across the X. fastidiosa genome, clearly differentiated and clustered X. fastidiosa strains collected from grape, almond, citrus, and oleander (19) .
Recently, Chen et al. applied a similar strategy to characterize the variation in "Ca. Liberibacter asiaticus" strains from Guangdong, China, and Florida by using one repeat unit (AGACACA) (6) . However, VNTR analysis using only one SSR locus is apparently insufficient to reveal the precise genetic diversity of "Ca. Liberibacter asiaticus," especially in newly invaded areas, such as Japan and the United States, where less genetic variation is expected. The complete genomic sequence of the pathogenic "Ca. Liberibacter asiaticus" psy62 strain (1.23 Mb) (9) was determined, and this allowed the analysis of SSRs in the entire genome. The objectives of this study were to identify SSR loci with VNTR within Japanese, Taiwanese, and Indonesian isolates and to determine genetic diversity among approximately 100 isolates of "Ca. Liberibacter asiaticus," collected from a total of about 1,200 trees found in major infested sites in the Ryukyu Islands (22, 28) , by using several SSR regions. Comparison was also made with isolates from Taiwan and Indonesia. We investigated the relationship between genetic diversity and the geographic origin of the isolates on the Ryukyu Islands.
A genome-wide search was performed on the complete sequence of "Ca. Liberibacter asiaticus" to identify SSR loci by using the Tandem Repeats Finder software, version 2.0 (7), which is available from the Tandem Repeats Finder website (http://tandem.bu.edu/trf/trf.html). The complete genomic sequence (1.23 Mb) of the pathogenic "Ca. Liberibacter asiaticus" strain psy62 (accession number CP001677) was obtained from the GenBank DNA database. Samples were collected from "Ca. Liberibacter asiaticus"-infected citrus trees in different groves in Japan, Taiwan, and Indonesia ( Fig. 1 and Table 1 ). Total DNA was extracted from the leaf midrib tissue from the infected citrus tree using the DNeasy plant minikit (Qiagen, Valencia, CA) according to the manufacturer's instructions with minor modifications, which was that ϳ0.2 g of the leaf midrib was placed in 400 l of AP1 buffer (in kit) in a mortar and ground with a pestle until the leaf midrib became a fine green liquid.
All primers in Table 2 were selected and designed from the sequences of surrounding SSRs found in the complete sequence of the pathogenic "Ca. Liberibacter asiaticus" psy62 (1.23 Mb) strain by using a program available on the Primer3 website (http: //frodo.wi.mit.edu/primer3/). PCR was performed using GeneAmp PCR system 9700 (Applied Biosystem, Foster City, CA) in 20-l reaction mixture volumes containing 1 l of DNA template, 0.1 M each primer, 200 M deoxynucleoside triphosphate (dNTP) mixture, 1ϫ PCR buffer, and 2.5 units of Ex Taq DNA polymerase, Hot Start version (TaKaRa, Shiga, Japan). The thermal cycling conditions were as follows: initial denaturation at 92°C for 2 min and 35 cycles of denaturing at 92°C for 30 s, annealing at 54°C for 30 s, and extension at 72°C for 1 min.
Amplified PCR products were separated by electrophoresis in a 1.5% (wt/vol) agarose gel in Tris-boric acid EDTA buffer. The PCR products were extracted from the gel slice by using the QIAquick gel extraction kit (Qiagen) according to the manufacturer's instructions. The nucleotide sequence of the DNA fragment was obtained by directly sequencing both strands of the purified PCR products by using the dideoxynucleotide triphosphate (ddNTP) termination method (26) . DNA sequences were aligned using the ClustalW program (30) , and homology analysis was performed following instructions from the website of the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp/Welcome-j.html). The number of repetitions in each SSR was manually counted from the aligned sequence data.
No one-or two-base SSRs were found, but there were 27 perfect SSRs with four to 63 nucleotides per unit (Table 2) , including a previously reported repeat motif (AGACACA) (6). Typically, four-nucleotide SSRs were present at six loci with copy numbers varying from three to eight copies per repeat.
For DNA polymorphism analysis of the SSR regions, we designed primers on each side of these 27 SSRs (Table 2) . First, amplification using all SSR primers was performed in nine "Ca. Liberibacter asiaticus" isolates collected from Miyako Island because we obtained many isolates from this island, which also has a long history of invasion by "Ca. Liberibacter asiaticus" (22) . Attempts to amplify SSR regions using three SSR primer sets (081, 083, and 091) failed, although several different amplification programs and reaction mixtures were utilized. The 078 primers generated the same PCR products for the nine domestic isolates, even though these repeat numbers were different from American psy62. On the other hand, the repeat sequences generated by 093 primers were (TCGTTACGCT) 3 (psy62) and (ACGCTTCATC) 3 (Japanese isolates) (subscript 3 indicates the number of repetitions for each motif in the genome). Although the 006, 007, 010, 013, 014, 022, 024, 080, 082, 084, 085, 086, 087, 089, 090, and 092 primers generated the same PCR products for the nine isolates from Japan, five pairs of primers (001, 002, 005, 077, and 088) generated different results for the nine isolates and thus appear to represent genuine VNTRs. When 088 primers were used, polymorphic PCR products were generated for Japanese isolates. However, we did not consider 088 as a VNTR because the motif was imperfect and appeared only a few times. Therefore, we investigated the diversity of "Ca. Liberibacter asiaticus" within a set of 84 isolates in the Ryukyu Islands, Japan, as well as four and 12 isolates from Taiwan and Indonesia, respectively, using four pair of primers (001, 002, 005, and 077). Table 1 shows the variable numbers of tandem repeats in the four SSR loci. SSR loci amplified by four pairs of primers (001, 002, 005, and 077) had different repeat numbers within a set of 84 isolates in the Ryukyu Islands, Japan, as well as four and 12 isolates from Taiwan and Indonesia, respectively. Doublet bands were consistently observed when the 001 primer set was used with Taiwanese source II-6. The PCR product was then subcloned into the plasmid vector pCR4-TOPO (Invitrogen, Tokyo, Japan), and sequencing of the inserts from multiple clones revealed several lengths of SSRs (Table 1 ). This indicates the presence of five alleles for the same SSR locus, presumably due to mixed infection with five isolates. In particular, 12 alleles in VNTR locus 001, six alleles in VNTR locus 002, nine alleles in VNTR locus 005, and five alleles in VNTR locus 077 were confirmed among isolates spread in the south- All data are based on the genome sequence of "Ca. Liberibacter asiaticus" strain psy62. The accession number is CP001677 (9) . The primer sets that amplify the four most variable SSR loci (001, 002, 005, and 077) listed in Table 1 (32) . The 3,610-nucleotide sequence of the bacteriophage-type DNA polymerase region was analyzed for 27 isolates (32). Among 27 isolates, 86 single nucleotide polymorphisms (SNPs) were found (32) . In contrast, among approximately 100 isolates used in this study, no nucleotide differences were observed in the genomic region surrounding four VNTRs (001, 002, 005, and 077) (data not shown), suggesting that VNTR could differentiate isolates of "Ca. Liberibacter asiaticus" more precisely than SNPs.
The unweighted paired-group method using arithmetic averages cluster analysis was performed with AEW3220DA (Nihon NAG, Tokyo, Japan) by using SSR numbers of the four VNTR loci, 001, 002, 005, and 077. Since Taiwanese source II-6 had five alleles at locus 001 and one allele at 002, 005, and 077, it was treated as five isolates in the dendrogram analysis. The resulting clusters were expressed as a dendrogram. Cluster analysis of genetic distance divided the 104 isolates into 10 major clusters (Fig. 2) . These clusters were correlated with geographical origins of the isolates (Fig. 2) .
Twenty-one isolates from Okinawa Main Island had nine alleles in VNTR locus 001, three alleles in VNTR locus 002, seven alleles in VNTR locus 005, and three alleles in VNTR locus 077. On the other hand, for all seven isolates from Kikai Island, which is located on the northern border of the Ryukyu Islands, none of the four loci showed polymorphism ( Table 1 ), suggesting that these seven isolates are highly homologous. Kikai Island is located on the northern border of the Ryukyu Islands and is also the last island involved in the recent outbreak of "Ca. Liberibacter asiaticus" in Japan (28) . The homogeneity of "Ca. Liberibacter asiaticus" in Kikai Island is in accordance with the apparent short incubation period of the bacterium on this island. Isolates with the same repeat numbers as the four VNTR loci were not found in the neighboring islands of Kikai Island. The three isolates (K16, K22, and K30) collected from Okinawa Main Island had the same number of tandem repeats in each of the four loci as the seven isolates collected from Kikai Island (Table 1) , which indicated that the isolates from these two islands share the same origin. Okinawa Main Island and Kikai Island are separated by approximately 270 km and several islands. It is more likely that "Ca. Liberibacter asiaticus" was introduced into Kikai Island by contaminated budwood rather than by dispersion of "Ca. Liberibacter asiaticus"-positive psyllids.
Nei's measure (H) is useful to compare genetic diversity among biological populations, and it is frequently applied for VNTR loci of bacteria (1, 7, 17) . The value was calculated as H ϭ 1 Ϫ ⌺pi 2 , where pi is the frequency of allele i at the locus (23) . VNTR typing of B. anthracis, Y. pestis, and X. fastidiosa has been shown to produce the highest H values, of 0.80, 0.82, and 0.83, respectively (1, 7, 17) . The H value of VNTR locus 005 within 84 Japanese isolates from the Ryukyu Islands was 0.86 (Table 3) , which was the highest among the four VNTR loci, closely followed by the H value of VNTR locus 001 (Table   3 ). All four VNTR loci (001, 002, 005, and 077) were also highly variable within four and 12 isolates from Taiwan and Indonesia, respectively (Table 1 ). In the analysis of Japanese "Ca. Liberibacter asiaticus" isolates, the population in the southern area had higher H values than those from the central and northern areas of Ryukyu Islands (Table 3) . These results showed that the genetic diversity was higher in southern areas than in any other areas of the Ryukyu Islands, which suggested that Japanese "Ca. Liberibacter asiaticus" isolates were primarily introduced in the southern area, most probably from Taiwan. It is also surmised that the spread of the pathogen in the northern border region took place recently.
On the basis of the four VNTR markers found in this study (001, 002, 005, and 077) the 21 isolates from Okinawa Main Island were differentiated into 17 genetic groups (Table 1) , whereas on the basis of a single VNTR marker that was previously reported (6), the isolates were divided into only seven genetic genotypes. The results suggested that the analysis using several VNTR loci, rather than a single VNTR locus, reveals genetic diversity more precisely. We have reported for the first time that several SSR regions in the genome of "Ca. Liberibacter asiaticus" are genuine VNTR loci, and these VNTR markers could be used to estimate the genetic diversity and population structures of "Ca. Liberibacter asiaticus" in Japan, Taiwan, and Indonesia.
The growing numbers of prokaryotic DNA sequences, including those from plant pathogens in databases and computer programs available for the detection of SSR loci, have facilitated the evaluation of SSR within DNA sequences. SSR markers are useful not only for their hypervariability and reproducibility, but "Ca. Liberibacter asiaticus"-specific primers allow in situ analysis of a known gene without bacterial isolation. This approach could greatly facilitate epidemiological, genetic, and ecological studies of fastidious bacteria, such as "Ca. Liberibacter asiaticus," which are difficult to isolate and grow stably despite the recent advances in cultivation (10, 27) . 
